The growing complexity of challenges involved in scientific progress demands ever more frequent application of competencies and knowledge from different scientific fields. The present work analyzes the degree of collaboration among scientists from different disciplines in order to identify the most frequent "combinations of knowledge" in research activity. The methodology adopts an innovative bibliometric approach based on the disciplinary affiliation of publication co-authors. The field of observation includes all publications (167,179) indexed in the Science Citation Index Expanded (SCI-E) for the five years [2004][2005][2006][2007][2008], authored by all scientists in the hard sciences (43,223) at Italian universities (68). The analysis examines 205 research fields grouped in nine disciplines. Identifying the fields with the highest potential of interdisciplinary collaboration is useful to inform research polices at national and regional levels, as well as management strategies at the institutional level.
Introduction
One of the striking phenomena of current research activity is the constant growth in collaboration among scientists, favored in part by development of communications technologies. This is witnessed by data concerning scientific production, showing a growing trend towards articles realized in collaboration (Wuchty et al., 2007; Archibugi and Coco, 2004; Persson et al., 2004) . The phenomenon has been studied from various viewpoints, with different objectives and methods.
One of the approaches involves exploration of the motives that push researchers to undertake collaborations: to aid solutions to complex problems, search for complementary expertise, gain access to facilities, obtain new research funding or improve research performance, as well as for more personal motivations such as to increase prestige and visibility in the researcher's scientific community (Bozeman and Corley, 2004; Melin, 2000; Katz and Martin, 1997) . Huutoniemi et al. (2010) actually hold that scientific collaboration almost always responds to very pragmatic needs, such as reduction of costs or sharing of equipment, which would explain the fact that the resulting research seems multidisciplinary, more than inter-or transdisciplinary.
A second approach, geographical and organizational in nature, investigates the degree of cross-country collaborations (Abramo et al. 2011 , Hoekman et al., 2009 Ponds et al., 2007; Wagner and Leydesdorff, 2005.) or cross-organization collaborations (Corley et al., 2006; Chompalov et al., 2002) , with emphasis on the analysis of public-private collaboration Bjerregaard, 2010; Abramo et al., 2009a; Etzkowitz, 2003) .
A third approach explores the relation between degree of collaboration and research performance (Abramo et al., 2009b, Levitt and Thelwall, M., 2008) .
A fourth and final perspective, in which the present work is inserted, investigates the interdisciplinary character of research collaboration. In general, the literature classifies research activity that involves experts of different disciplines under three principle categories: multidisciplinary, interdisciplinary and transdisciplinary (OECD, 1998) . Stokols et al. (2003) provide a brief and precise distinction: "Multidisciplinarity refers to a process whereby researchers in different disciplines work independently and sequentially, each from his or her own discipline-specific perspective, to address a common problem. Interdisciplinarity is a process in which researchers work jointly, but from each of their respective disciplinary perspectives, to address a common problem. Transdisciplinarity is a process by which researchers work jointly to develop and use a shared conceptual framework that draws together discipline-specific theories, concepts, and methods to address a common problem".
The literature on the theme of interdisciplinarity is still young, but already seems to show several distinct directions. On the taxonomic front, Klein (2008) proposes a coherent reference framework, structured according to seven generic principles, to classify and evaluate multidisciplinary, interdisciplinary and transdisciplinary research. From a strictly methodological point of view, analysis of the literature reveals that the study of "interdisciplinarity" (understood in the broadest sense, of collaboration among researchers in different disciplines) has been conducted both through field research based on surveys (Sanz et al., 2001; Palmer, 1999 , Qin et al., 1997 , and with quantitative desk measures obtained through bibliometric approaches and social network analysis (Schummer, 2004) .
Bibliometric approaches, such as adopted in the current work, take articles as the subject of study and measure interdisciplinarity in terms of the co-occurrence of discipline-specific items, such as keywords, classification headings, authors, or citations. The most diffuse of these approaches is certainly citation analysis, which can be employed at various levels of analysis: not only individual papers, but also researchers, research teams, organizations, disciplines and nations. A rich literature has flourished in recent years, involving the study of bibliometric networks through mapping and clustering techniques Leydesdorff and Rafols 2009; Noyons and Calero-Medina, 2009; Boyak et al. 2005 ). Parallel to this there has been development of ever more sophisticated software for elaboration and visualization of such networks . In bibliometric studies specifically on interdisciplinarity, Rafols and Meyer (2010) hold that the percentage of citations made to other papers outside of the discipline of the paper is the most appropriate base indicator to study the interdisciplinarity of the paper itself. Rinia et al. (2002) , in their evaluation of physics research programs in the Netherlands held in 1996, proposed a measure of interdisciplinarity of programs defined as the extent to which articles originating from such programs are published in journals attributed to other disciplines than those belonging to the main discipline. The degree of interdisciplinarity is defined as the percentage of non-main discipline papers. These two works present a common methodological trait that is very important: the assumption that a certain paper inherits the subject category or categories associated with the publishing journal, which in fact in many cases result as being multiple or too general (i.e. Engineering, Mathematics, Medicine, etc.) . This assumption is in fact present in various other works on interdisciplinarity (Levitt and Thelwall, 2008; Porter et al. 2008; Adams et al., 2007; Morillo et al., 2003; Morillo et al., 2001) : in all of these contributions, interdisciplinarity is a characteristic that is observable and measurable by referring to a standard of classification for the journals observed in the various international bibliometric repertories, such as Thomson Reuters' Web of Science or Elsevier's Scopus. Also Porter and Rafols (2009) , who introduce a new index of interdisciplinarity, named the integration score, aimed at describing not only the number of disciplines cited by a paper or their degree of concentration but also their "distance" associate each article in a journal to the subject category of the journal. The literature offers scarce works that address the problem of bibliometric identification of interdisciplinarity from another perspective: that of co-authorship. Although there would be some differences among different nations, disciplinary groups, scientific communities or single organizations, we can assume that co-authorship is certainly a reliable indication of the contribution of certain scientists to the success of a specific research project. In particular, the discipline to which an author belongs can be envisaged as his/her disciplinary knowledge contribution to that project. Citing Schummer (2004) : "co-author analysis measures interdisciplinarity in terms of successful research interaction between disciplines". The problem of interdisciplinary recognition shifts from the semantic analysis of an article or the scientific classification of the cited papers to the identification of its authors' specializations. In his investigations of patterns and degrees of interdisciplinarity in nano-science research, Schummer applied this approach to a dataset of 600 papers published in "nano" journals in the 2002-2003 biennium. His study was based on observation of the disciplinary affiliation of the co-authors of such papers, obtained by their departmental affiliation showed in the title page of each paper or provided by an internet research. By admission of the author, this was a "tedious work", clearly possible only for such a restricted set of papers 2 . In addition to its limited scope (600 papers only), the study suffers from the use of departmental affiliation as a proxy for disciplinary affiliation, which is of questionable validity: in fact departments are organizational units that may embed members of different fields.
The work proposed here overcomes this limitation, notably enlarging the field of observation to all scientific works (173,134) indexed in the Science Citation Index of Thomson Reuters and authored by all Italian university researchers in the hard sciences (43,223) over the five years [2004] [2005] [2006] [2007] [2008] . The Italian case results as particularly adapted to the bibliometric study of interdisciplinarity based on co-authorship: in the Italian academic system set up by the Ministry of Education, University and Research (MIUR), in what seems practically a unique situation, each academic scientist classifies himself or herself in one and only one scientific field, named a scientific disciplinary sector (SDS, 370 in all) 3 . SDSs are grouped in university disciplinary areas (UDAs, 14 in all). The SDS classification of researchers reflects their educational background, expertise and their prevalent field of research, which does not mean that his or her research is necessarily always confined within his or her SDS (e.g. statisticians may carry out research in medicine, physics, social sciences, etc.). Thus, once the true identities of a publication's co-authors are disambiguated, each publication can be associated with the SDSs (and UDAs) of its authors. The analysis of such associations permits a very robust study of interdisciplinarity, but does not permit discrimination between multidisciplinarity, interdisciplinarity and transdisciplinarity. In fact, co-authorship demonstrates some form of collaboration but does not specify the modality in any way. Thus, from this point on we use the term "interdisciplinarity" to refer to the diversity of the SDSs (or UDAs) associated with the authors of a publication.
The aim of the paper is, through recognition of the disciplinary affiliation of the article co-authors, to achieve identification of the degree of collaboration among disciplines (UDAs) and among fields (SDSs); in the case of identifying the fields this will include distinguishing collaboration between fields of the same discipline and of different disciplines. In particular, the authors intend to identify, beginning from the publications realized by Italian university scientists, the SDSs and thus the UDAs that join with greater frequency in authorship of research works. In this regard, the results of the study provide notable amplification of the scarce material available in the literature. The only information found by the authors is provided by van Rijnsoever and Hessels (2010) who, through a survey of research staff at Utrecht University faculties of science, geosciences and a biomedical cluster, attempted to identify the optimal conditions for interdisciplinary research and the characteristics of researchers associated with disciplinary and interdisciplinary research collaborations. Their study showed that disciplinary collaborations occur more frequently in basic disciplines (relatively autonomous, with the primary objective of advancing fundamental knowledge, i.e. physics and chemistry) while interdisciplinary occurs more in strategic disciplines 2 No existing database provides the affiliation address of every author. 3 In Italy, MIUR recognizes a total of 95 universities, with the authority to issue legally-recognized degrees. All personnel enter the university system through national public examinations, and career advancement also requires such public examinations. Examinations are given per field (SDS). Members of the examination committee all belong to the same SDS. Candidates need to choose the SDS in which to compete, and show their competence in that specific SDS (through their research outputs). The SDS classification is set up by a very large committee of university professors (named CUN) representing all disciplines in science. The Ministry intervention is limited to enact what CUN proposes.
(more strongly connected with practical applications, i.e. medicine).
For decision makers, at the national, regional and also organizational level, it is exceptionally useful to know which research fields show natural synergies and disciplinary contiguity, or could give root to phenomena of scientific convergence with new disciplines, thanks to a common theoretical or applicative basis. Since communication is an essential part of the research process, and research organization performance is highly dependent on good communication among staff (Allen and Fustfeld, 1975) , analyses of collaborations can also be useful for re-planning interior spaces and placement of personnel within a single organization, with the objective of favoring inter-field and inter-discipline collaboration, and thus take advantage of potential economies of scope in research activities (Tassey, 1991) .
The next section of this work presents the field of observation and the methodology adopted. Section 3 shows the analyses carried out, while the final section summarizes the main results and discusses their implications.
Data and methodology
Data used in this work are extracted from the Italian Observatory on Public Research (ORP), a bibliometric database derived from the raw data of the Science Citation Index Expanded. The ORP censuses the scientific production of all researchers employed in Italian public research institutions, starting from 2001. Beginning from this database, we extracted the hard sciences publications authored by Italian universities in the period 2004-2008, amounting to a total of 167,179. When the field of investigation is limited to the hard sciences the literature certainly gives ample justification for the choice of considering scientific publications as a reliable proxy of overall research output (Moed et al., 2004) . Furthermore, co-authored publications remain as one of the most tangible and best documented indicators of collaboration in the hard sciences, even though many bibliometricians have cautioned that co-authorship-based indicators should be handled with care as a source of evidence for true scientific collaboration (Lundberg et al., 2006; Laudel 2002; Katz and Martin 1997; Melin and Persson 1996) . As Katz and Martin (1997) stated, some forms of collaboration do not generate co-authored articles and some co-authored articles do not reflect actual collaboration. However, for the current study, the ample field of observation permits a certain level of confidence in the findings.
Using an MIUR database 4 concerning all Italian university research staff, and with a complex algorithm developed by D'Angelo et al. (2010) for reconciliation of addresses and disambiguation of the real identity of the authors, it is possible to automatically attribute each publication to the responsible university scientists. In large scale studies the percentage of homonyms is notable, creating a critical problem for disambiguation of the authorship within acceptable margins of error. This is why bibliometric studies are generally carried out at aggregate levels of analysis, such as at the university level, and other analyses conducted at the level of single scientists or research groups are generally limited to a maximum of a few organizations or scientific disciplines, where it is possible to disambiguate manually. To the authors' knowledge the ORP is currently the largest national bibliometric database of disambiguated authorships.
As noted, the organization of Italian university personnel provides that each scientist must belong to a specific SDS. Each SDS in turn belongs to a UDA: the hard sciences consist of 9 UDAs (Mathematics and computer sciences, Physics, Chemistry, Earth sciences, Biology, Medicine, Agricultural and veterinary sciences, Civil engineering and architecture, Industrial and information engineering) and 205 SDSs. A list of all SDSs and UDAs, with their acronyms, is shown in Annex 1. Using the disambiguation algorithm, the true authors were identified for all publications. Since each author belongs to a single SDS, it was then possible to associate each publication with the SDSs of the publishing authors. From this publication-SDS link, it was then possible to carry out the count of the combinations of SDSs that occur with greater frequency. Since the focus of the work is on collaboration, the counts refer to the pairs of SDSs relating to the co-authors of each publication. Because co-authors affiliated with foreign institutions are not classified according the SDS system, we were not able to consider foreign collaborations.
We present an example to illustrate the procedure followed to measure the degree of interdisciplinarity in research collaboration. Through application of the disambiguation algorithm to Pi publications, we identify the relative authors Autij. (i indicates the publication, j indicates the sequence of associated authors). Suppose we have three publications, one with two authors and two with three authors:
Pub1-> Aut11; Aut12; Aut13 Pub2-> Aut21; Aut22 Pub3-> Aut31; Aut32; Aut33
Since each author is unequivocally associated with a single SDS, each publication will be associated with the corresponding SDSij:
Pub1-> SDS11; SDS12; SDS13 Pub2-> SDS21; SDS22 Pub3-> SDS31; SDS32; SDS33 We suppose, for this example, that the SDSs are the following: SDS11=CHIM/01; SDS12=CHIM/02; SDS13=CHIM/01; SDS21=CHIM/01; SDS22=CHIM/06; SDS31=CHIM/01; SDS32=CHIM/02; SDS33=CHIM/06. Thus we can write: Pub1-> CHIM/01; CHIM/02; CHIM/01 Pub2-> CHIM/01; CHIM/06 Pub3-> CHIM/01; CHIM/02; CHIM/06
At this point we count all the pairs of SDSs (without double counting in a single publication):
the pair CHIM/01-CHIM/02 occurs in 2 publications (Pub1; Pub3) the pair CHIM/01-CHIM/06 occurs in 2 publications (Pub2; Pub3) the pair CHIM/02-CHIM/06 occurs in 1 publication (Pub3)
The general degree of interdisciplinarity of a research field is measured as the ratio of number of publications co-authored by researchers belonging to that field with researchers from other fields, to the number of publications authored by researchers belonging to that field. Instead, the specific degree of interdisciplinarity of a field with another specific research field, is measured as the ratio between the number of publications co-authored by researchers from both fields to the number of publications authored by researchers belonging to the first field. In the above example, the general degree of interdisciplinarity of CHIM/01 would be 100%; while the degree of interdisciplinarity of CHIM/01 with CHIM/02 is 66.6%. A novel element and strong point of this study, compared to previous literature, is the ability to conduct this analysis on a large scale, considering the whole of publications produced by Italian university scientists belonging to the hard sciences SDSs.
Analysis and results
For the purposes of analyzing the degree of collaboration between scientific fields and to identify the most frequent "combinations of knowledge" occurring in Italian university scientific publications, we carried out an analysis at two levels: the UDA and the SDS.
Analysis of interdisciplinarity at the discipline level (UDA)
From the analysis at the level of UDA (Table 1) , we observe that Biology has the greatest percentage of publications (43.9%) in collaboration with other UDAs, equal to almost half its total produced. This figure is a full 15 percentage points higher than the second UDA, which is Chemistry (28.9% The nine UDAs can give rise to 36 combinations of interdisciplinary collaboration. To identify the differing degree of collaboration between UDAs, for every pair we identified all publications by the researchers of each UDA, and those in co-authorship. It was thus possible to calculate both the incidence of the co-authorships in total publications for each of the UDAs, as well as the average incidence for the pair.
The data are presented in Table 2 . Column 1 lists all the pairs of UDAs; columns 5 and 6 show the degree of collaboration of each UDA with the others. For each UDA, the shaded values indicate the pairs that show the highest degree of collaboration: column 5 refers to the first UDA of the pair in column 1; column 6 refers to the second. We see, for example, that the researchers of the Mathematics and computer science UDA collaborate most with those in the Industrial and information engineering UDA, while these collaborate most with scientists in Chemistry. The only pair that shows maximum collaboration in both directions is Biology-Medicine, which also has the highest value of average degree of interdisciplinarity. Far back, in terms of values of average incidence, there are the pairs CHIM-BIO (10.4%) and BIO-AGR (8.3%). If we consider the first 10 pairs for average incidence, we observe that the UDAs of Industrial and information engineering and Chemistry enter in four of the pairs, while Biology and Medicine are present three times. The UDAs that are present least are Mathematics and computer sciences and Civil engineering. 
Analysis of interdisciplinarity at the SDS level
We now present the results of analysis of interdisciplinarity at a greater level of detail, among the SDSs. Collaborations between researchers from different SDSs can occur within the same discipline (intra-discipline); or between SDSs from different disciplines (cross-discipline). Particularly in small and medium universities, some SDSs could have a very limited number of researchers and collaboration between SDSs could be induced not only by interdisciplinary potential inherent to the disciplines, but also by the lack of researchers in the same field. For this we carried out correlation analysis between the values of degree of collaboration of the SDSs and number of their researchers. No correlation emerged at the overall level, but significant inverse correlation was found in three UDAs: Chemistry (Spearman correlation index = -0.81), Medicine (-0.37), and Industrial and information engineering (-0.49). In consideration, for these UDAs we limited the interdisciplinary analysis to those SDSs with more than 100 researchers.
As an example, we present the analysis for the SDSs in Chemistry UDA. Here, the CHIM/05 SDS was the only one excluded out of a total 205 analyzed, given its very low number of researchers. After completing the analysis of joint publications at the UDA level, we proceeded to analysis at the greater level of detail represented by the SDSs. From Another detailed analysis was conducted to identify the SDS pairs with the greatest collaboration ( Table 4) . As an example we present the examination of SDS CHIM/01 (Analytical chemistry). The data were ordered by percentage value of cross-SDS publications out of total publications by CHIM/01 researchers (column 5). For reasons of space we present only the first 20 pairs: the percentages vary from 9.4% for pair CHIM/01_CHIM/03 to 0.6% for CHIM/01_AGR/16. We see that only four pairings produce more than 100 publications: CHIM/01_CHIM/03 (General and inorganic chemistry), CHIM/01_CHIM/12 (Environmental chemistry and chemistry for cultural heritage), CHIM/01_CHIM/06 (Organic chemistry) and CHIM/01_CHIM/02 (Physical chemistry), and that all these involve SDSs from the same UDA. CHIM/01_CHIM/03 shows a number of publications much greater than the others, with almost double the value of the next ranked pair, CHIM/01_CHIM/12. In the first 20 positions (percentage of joint publications relative to total publications by CHIM/01), half of the SDSs represented (10/20) After omitting, for reasons of scarce representativity, all SDS pairs that show less than 1% values of incidence of joint publications, Table 5 presents, for each UDA, the SDS that shows the maximum percentage of combined intra-and inter-disciplinary collaborative publications. Values vary from 46.4% incidence for MAT/04 (Complementary Mathematics) to 84.7% for MED/05 (Clinical pathology). Apart from MAT/04, all values are greater than 50% and in two cases out of 9 they actually exceed 70% (MED/05 and BIO/12-Clinical biochemistry and biology).
Further, in five cases out of nine for these SDSs, the percentage of publications realized with SDSs of their own UDA is less than that for publications realized with SDSs in other UDAs: this is seen for Mathematics and computer sciences; Physics; Chemistry; Biology and Civil engineering. The most striking observation here is the extremely narrow focus of collaborations involving Mathematics and computer sciences: the number of collaborating SDSs and thus other UDAs involved is truly limited, particularly if compared to UDAs such as Biology or Medicine. In general, the count of partner SDSs and UDAs clearly diminishes if we consider only a percentage of total production over 10%: in this case, we actually observe that for a full six out of nine UDAs, there were no SDSs involved from outside of the same discipline, demonstrating that the most frequent collaborations remain confined to the same discipline (UDA). Table 6 presents, for each UDA, the SDSs that show the maximum percentage of publications realized in collaboration with SDSs of other UDAs. Four of these are the same as the SDSs in Table 5 . Concerning the maximum degree of cross-UDA interdisciplinarity, we observe that the values range from 28.5% (ICAR/06) to 59.3% (BIO/12). Further, for eight out of nine UDAs, this value is less than 50%; the exception is BIO/12 (Clinical biochemistry and biology), which is a highly applied scientific field. As we expect, the scientific publications are primarily realized with SDSs belonging to the same discipline, particularly in UDAs such as Mathematics and computer sciences, Industrial and information engineering, and Chemistry. Further, in all cases (nine of nine), for each SDS, the percentage of publications realized with SDSs of their own UDA is less than that of publications realized with SDSs of other UDAs. Finally, again as before, for each SDS, there is a sharp drop in numbers if we count only the partner SDSs and UDAs with which each SDS realizes more than 10% of its production.
To provide information useful to policy-makers, research organization management and scholars, Annex 2 lists all the SDS pairs where the first SDS has a degree of interdisciplinarity higher than 10%. We observe the disciplinary proximity at the basis of many pairings and the low number of cross-UDA pairs. To provide a more exhaustive picture of this last type of interdisciplinarity, Annex 3 shows all pairs with SDSs from different UDAs, where degree of interdisciplinarity exceeds 5%. The list excludes pairs where the body of researchers belonging to the first SDS produced less than 100 publications over the reference period. Given data such as this, application of 
Conclusions
Scientific research activity continually demands greater inputs of competencies and knowledge originating from different fields, to confront the increasing complexity of problems. This work contributes to the ample stream of investigation on such themes of multidisciplinarity and interdisciplinarity. The objective is to analyze the degree of collaboration between different fields and identify the most recurrent "combinations of knowledge" seen in the resulting publications.
The analyses were carried out at varying levels of detail for scientific fields and disciplines, based on publications by Italian university scientists for the period [2004] [2005] [2006] [2007] [2008] . The analysis of the entire Italian university system was possible thanks to a complex algorithm used to reconcile addresses and disambiguate the identity of authors, which automatically attributes each publication to the responsible university scientists. Given that all Italian university research staff are classified by field, the methodology could then reconstruct the link between publication and authors' scientific fields, thus permitting the identification of all instances of pairs of interdisciplinary collaborations. The methodology proposed, based on the field classification of co-authors, overcomes few limits of mapping and clustering techniques, which do not normalize by the intensity of publications across fields and do not weight the direction of collaboration (i.e. the share of total output of a field produced with the other field of the pair). As compared to analyses based on the same methodology, ours represent a step forward, as the only previous attempt suffered from the use of departmental affiliation as a proxy for disciplinary affiliation, which is of questionable validity.
We found that Biology is the discipline which collaborates more with others, followed by Chemistry. Intradisciplinary collaborations are more frequent among fields in Medicine. Mathematics and computer sciences, and Industrial and information engineering are the disciplines which collaborate least, both at inter-and intradisciplinary level.
The comparison of our findings with those from other studies is not straightforward because of differences in the methodological approaches and the definition of the disciplinary boundaries. In particular, with regard to studies based on the assignation of articles to the subject categories of the journals, Morillo et al. (2003) warn: "the results should be analyzed with caution since they are highly dependent on the ISI classification scheme, which is not perfect". The present study, in spite of the different methodology to identify interdisciplinary research collaborations, shows few results consistent with others from previous works. The high degree of interdisciplinary collaborations of Biology was already found by Qin et al, (1997) . While the outstanding intra-discipline collaborations of Medicine was already shown by Morillo et al. (2003) who, differently from us, found it occurring in Engineering too. Furthermore the thesis by van Rijnsoever and Hessels (2010) , who suggest that interdisciplinarity is more frequent in disciplines with practical applications, can be confirmed only for Medicine, but not for Engineering.
The implications of this type of analysis concern both strategic and organizational policy. At the broader, strategic level, it is important that the policy maker know the potential synergies among disciplines and the collaborations that appear more possible, in order to formulate actions that favor them. The organizational implications concern research institutions such as universities, which generally present an ample complement of competencies. The identification of fields with high degree of interdisciplinarity can inform the structuring of organizational communication networks, in order to favor potential economies of scope in research activities.
In a coming work, the authors propose to pursue this particular aspect: to verify the presence of potential economies of scope, through the study of links between performance of universities and the numerosity of the scientific fields with high degrees of interdisciplinarity. 
Annex 1 -SDS list

